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Abstract
Prompt ﬁssion γ rays are calculated through Monte Carlo Hauser-Feshbach simulations of the decay of the primary fragments
formed in the ﬁssion process. The CGMF code is used to track individual decay histories for speciﬁc initial ﬁssion fragment conﬁgu-
rations, sampling emission probability distributions for both neutron and γ-ray emissions at each stage of the evaporation process.
The prompt ﬁssion γ-ray spectrum averaged over all initial ﬁssion fragments is inferred as well as the average total number of
emitted photons 〈Nγ〉. In addition, the probability distribution P(Nγ) and individual spectra corresponding to speciﬁc ﬁssion frag-
ments are computed. Results for several ﬁssion reactions of interest, 252Cf (sf), nth+239Pu, nth+235U, are presented and compared
with recent experimental data.
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1. Introduction
Both prompt ﬁssion neutrons and γ rays are produced in relatively large numbers during a nuclear ﬁssion event. The
ﬁssion products produced after the emission of those particles are measured experimentally, contrary to the primary
ﬁssion fragments, i.e., before neutron emission, that have to be inferred from predicted neutron emission probabilities.
The study of prompt neutrons, and in particular of their detailed distributions and correlations, provide stringent
constraints on theoretical models predicting the distribution of primary ﬁssion fragments in mass, charge, kinetic
energy as well as on their initial excitation energy distributions. Prompt neutrons are emitted prior to most γ rays.
They carry away most of the excitation energy available in the primary fragments, but do not change signiﬁcantly
their average angular momentum. On the other hand, prompt γ rays do remove most of the fragments spin. In the
continuum, statistical decay happens dominantly through electromagnetic E1 transitions, while the low-lying structure
of the ﬁssion fragments determine the ﬁnal transitions to a ground-state or isomeric state. Studying the spectrum of
such transitions can help identify the particular ﬁssion product produced.
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Besides its importance for a more comprehensive understanding of the post-scission phases of the nuclear ﬁssion
process, the study of prompt γ rays is also relevant to nuclear technologies. Predictions of local gamma heating in
nuclear power reactors have shown that this quantity is under predicted by up to 30% even in well-known thermal
reactors (Blanchet, 2005). We can expect uncertainties on nuclear data for fast reactors to be even greater in view of
the very scarce knowledge we have on the photon spectrum for fast incident neutron energies.
In recent years, much work has been devoted to the study of prompt ﬁssion neutrons, in particular to better charac-
terize its average spectrum and multiplicity. Many questions remain on this front, and are the focus of ongoing interna-
tional collaborations (Capote-Noy, 2010). Revived eﬀorts have also been focusing on the prompt ﬁssion γ rays, such
as the DANCE measurements on the multiplicity and energy spectrum of the prompt γ rays (Chyzh, 2012; Ullmann,
2013) as well as the precise measurement of the γ-ray spectrum for 252Cf (sf) (Billnert, 2013) and nth+235U (Oberstedt,
2013) at IRMM.
In this contribution, we describe modeling eﬀorts to predict characteristics of the prompt ﬁssion γ rays. We
illustrate our discussion with results obtained for three ﬁssioning systems: nth+235U, nth+239Pu, and 252Cf (sf).
2. Modeling Prompt Fission γ Rays
2.1. Monte Carlo Hauser-Fesbach
We assume that the emission of prompt ﬁssion neutrons and γ rays occurs only after the ﬁssion fragments have
reached their full acceleration. The fragments can be considered as compound nuclei characterized by a distribution
in energy, spin and parity. The de-excitation of those fragments is then modeled in the Hauser-Feshbach statistical
formalism, where only neutron and photon emission probabilities are considered, as any other decay channel would
be negligible at the typical excitation energies present initially in the fragment (less than 15-20 MeV).
In recent years, we have been developing the CGMF code (Kawano, 2010; Talou, 2011; Becker, 2013), which
implements the Hauser-Feshbach equations in a Monte Carlo algorithm. While average quantities such as average
neutron spectrum and multiplicity can be more eﬃciently computed through a more traditional, deterministic version
of this theory (several well-known codes do exactly that- GNASH, EMPIRE, TALYS, CoH, etc), a Monte Carlo version
oﬀers a signiﬁcantly more powerful method to infer distributions, correlations and other more exclusive data, e.g., the
exclusive spectrum of γ rays emitted from a speciﬁc ﬁssion product.
An important input ingredient in this type of calculations is the initial ﬁssion fragment distributions in function of
mass, charge and kinetic energy, Y(A,Z,KE). Unfortunately, this quantity is not readily available from either theory or
experiment, although eﬀorts are underway to measure as well as predict those yields (Randrup, 2011; Younes, 2013).
For the results reported here, we rely on partial experimental data sets that are combined to reconstruct the full distri-
bution Y(A,Z,KE). Experimental data by Hambsch et al. (Hambsch, 1997) and Romano et al. (Romano, 2010) have
been used successfully, and completed using Walh’s systematics (Wahl, 1988) to determine the charge distribution for
a given fragment mass P(Z|A). Most of the experimental fragment mass data were obtained using the 2E technique,
which measures the ﬁssion product kinetic energies after neutron emission. An iterative procedure is then used to infer
the pre-neutron emission ﬁssion fragment mass yields, which is the quantity needed in CGMF calculations. Obviously,
this approach leads to uncertainties in the calculated results. However, the total kinetic energy distribution remains
one of the most important input data, and an accurate knowledge of 〈TKE〉(A) is needed to obtain accurate results on
the average neutron multiplicity in particular. For instance, new encouraging experimental eﬀorts (Tovesson, 2013)
are underway at LANSCE to measure Y(A,Z,KE) as a function of the incident neutron energy.
2.2. Model Input Parameters
To initiate the decay of the ﬁssion fragments through Hauser-Feshbach simulations, one still needs to know the
initial excitation energy, spin and parity distribution Y(Ui, Ji, πi). For a given ﬁssion fragment pair, the total excitation
energy available can be inferred from known nuclear masses, which gives the Q-value of the ﬁssion reaction, and
from TKE. The mechanism(s) governing the sorting of this total excitation energy among the light and heavy partners
remain a matter of discussion, as several strong assumptions have to be made regarding the conﬁgurations of the
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nascent fragments near the scission point. In the present work, we do not attempt to solve this question but instead
use a model parameter and study its inﬂuence on the ﬁnal results for both prompt neutrons and γ rays. This parameter
is the ratio RT = TL/TH of the nuclear temperatures in the light and heavy fragments at the time of emission, i.e. after
scission and full acceleration. By that time, the fragments have recovered their ground-state shapes, which often diﬀer
from their shapes near the scission point. The higher RT , the more energy is pumped into the light fragments at the
expense of their heavy partners.
Another important input in our CGMF calculations is the initial spin and parity distributions in the fragments. In our
present work, the spin distribution is formulated as
P(J) ∝ (2J + 1)exp
[
− J(J + 1)
2B2(A, Z, T )
]
, (1)
with
B2(A, Z, T ) = α
I0(A, Z)T
2
. (2)
The quantity I0 is the moment of inertia of the ﬁssion fragment in its ground-state. Again, in this case, we have
considered α as a free model parameter that we can vary to study its inﬂuence on the predicted results for the prompt
neutrons and γ rays. Note that no correlation between the spins of the light and heavy fragments is included in our
model at this point.
3. Numerical Results & Discussion
Here we report results obtained in the case of thermal neutron-induced ﬁssion on 235U and 239Pu, as well as
spontaneous ﬁssion of 252Cf. Initial ﬁssion fragment yields are from (Hambsch, 1997) for 252Cf (sf), from (Romano,
2010) for nth+235U, and from the reconstruction procedure described in (Talou, 2011) for nth+239Pu.
3.1. Average Spectrum, Multiplicity, and Total γ-Ray Energy
Table 1. The CGMF predictions are reported for the average prompt ﬁssion γ-ray energy 〈γ〉, multiplicity 〈Nγ〉, and total γ-ray energy 〈Etotγ 〉 for
252Cf (sf), nth+235U, and nth+239Pu, and compared to available experimental data. Evaluated values present in the ENDF/B-VII.1, JENDL-4.0 and
JEFF-3.1.2 libraries are also included for comparison.
nth+235U nth+239Pu 252Cf (sf)
〈Nγ〉 〈γ〉 〈Etotγ 〉 〈Nγ〉 〈γ〉 〈Etotγ 〉 〈Nγ〉 〈γ〉 〈Etotγ 〉
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
CGMF 8.05 0.84 6.76 8.08 0.87 7.03 8.33 0.82 6.83
ENDF/B-VII 7.044 0.94 6.60 7.78 0.87 6.74 7.48 0.94 7.03
JENDL-4.0 7.43 0.94 7.00 8.34 0.93 7.75 7.48 - 7.75
JEFF-3.1.2 7.17 0.97 6.97 - - 6.75 - - -
(Oberstedt, 2013) 8.19±0.11 0.85±0.02 6.92±0.09
8.21±0.41 0.85±0.05 6.99±0.35
(Billnert, 2013) 8.30±0.08 0.80±0.01 6.64±0.08
8.31±0.10 0.80±0.01 6.65±0.12
CGMF predictions for the average prompt ﬁssion γ-ray energy 〈γ〉, average multiplicity 〈Nγ〉, and average total γ-
ray energy 〈Etotγ 〉 are reported in Table 1 for the three ﬁssion reactions studied here. The values reported were obtained
with the parameters RT (A) and α that give the best agreement with the most recent data from IRMM (Billnert, 2013;
Oberstedt, 2013). The values chosen for α were 1.7 for 252Cf (sf), 1.7 for nth+235U, and 1.5 for nth+239Pu. Note
that CGMF results were selected for 0.1 ≤ γ ≤ 6.0 MeV, as in the experimental results. While the agreement between
calculations and experiments is quite good, the data present in the evaluated libraries tend to underestimate the average
multiplicity, while overestimating the individual average γ-ray energy, leading to an overall average total γ-ray energy
in fair agreement with experimental data.
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The calculated average prompt ﬁssion γ-ray spectrum (PFGS) for nth+235U, with α=1.7, is shown in Fig. 1 and
compared with the experimental data by Oberstedt et al. (Oberstedt, 2013). The agreement is quite good in the
entire measured outgoing energy range, showing distinct discrete γ lines at the lowest energies, with the statistical
component dominating at the higher energies. Some γ discrete lines also appear distinctly at higher energies, but
are mostly washed out when the Doppler corrections and energy resolution function are included (solid thick black
curve). Experimental data do not exhibit such lines above 2 MeV. The calculated strength of these transitions depend
on the initial ﬁssion fragment yields, the neutron emission probabilities, the initial angular momentum distributions
in the fragments– which depends on the α parameter, as well as the nuclear structure given in the evaluated libraries.
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Fig. 1. The average prompt ﬁssion γ-ray spectrum (PFGS) for the reaction nth+235U calculated in CGMF with α=1.7 is compared to the recent
experimental data by Oberstedt et al. (Oberstedt, 2013). Note that energy resolution corrections have been applied to the calculated PFGS.
Figure 2 shows the decomposition of the calculated PFGS for both 252Cf (sf) and nth+235U reactions into continuum-
to-continuum, continuum-to-discrete, and discrete-to-discrete spectra. In CGMF, the nuclear structure of the ﬁssion
fragments is represented by low-lying discrete levels at the lowest excitation energies, taken from the RIPL-3 database,
followed by a continuum level density using the traditional Gilbert-Cameron-Ignatyuk formalism at higher excitation
energies, where experiments cannot separate individual nuclear states any longer. Figure 2 shows that the pronounced
ﬂuctuations observed at the lowest outgoing γ energies come from the discrete-to-discrete transitions that have been
identiﬁed in the past through speciﬁc nuclear structure experiments. Fluctuations appearing at higher energies, e.g.
near 3 and 4 MeV, are also genuine discrete transitions, as mentioned above.
3.2. Sensitivity to RT and α Model Parameters
In previous publications, see for example (Talou, 2011), we have shown that the RT (A) parameter has a strong
inﬂuence on the reproduction of the saw-tooth behavior of ν(A), as also shown in Fig. 3.a. While the assumption
that both light and heavy fragments have the same temperature fails completely in reproducing the experimental data,
especially between masses 100 and 150, it is possible to ﬁnd mass-dependent parameters RT (A) that do lead to a very
good agreement with the observed saw-tooth. The particular form of RT (A) is mostly dictated by the collective eﬀects
that describe the average deformation of the ﬁssion fragments.
While the temperature ratio has a strong inﬂuence on the prompt neutron data, it has only a marginal impact on
prompt γ-ray observables. In particular, the calculated PFGS (see Fig. 3.b) is barely impacted by a change in RT , even
though the yields of the ﬁnal products are slightly diﬀerent due to diﬀering ν(A).
On the contrary, the parameter α that controls the initial spin distributions in the ﬁssion fragments does have a
signiﬁcant impact on the predicted PFGS, as can be seen in Fig. 4. A lower value of α means that more γ transitions
happen at lower excitation energies of the fragments, leading to an increase of 〈γ〉 and a reduced 〈Nγ〉.
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Fig. 2. Decomposition of the calculated PFGS into continuum-to-continuum, continuum-to-discrete and discrete-to-discrete spectra, for both 252Cf
(sf) and nth+235U ﬁssion reactions.
4. Conclusions
In this contribution, we have discussed the capabilities of the CGMF code to compute prompt ﬁssion neutron and
γ-ray data. In particular, the Monte Carlo implementation of the Hauser-Feshbach statistical theory in CGMF can be
used to calculate exclusive data (distributions, correlations, exclusive γ spectra, etc) that would be very diﬃcult to
compute in more traditional deterministic statistical nuclear reaction codes.
We have also shown how the measurement of speciﬁc prompt ﬁssion γ-ray data can be used to constrain the
remaining free model parameters in CGMF and thereby constrain nuclear ﬁssion models near the scission point. In
particular, while the excitation energy sorting mechanism(s) between the two fragments can be best studied through
the analysis of the prompt ﬁssion neutrons, prompt γ rays can be better used to constrain the initial spin distribution
in the fragments. Diﬀerent values of the average initial angular momenta 〈Ji〉(A) have a strong inﬂuence on diﬀerent
γ data, such as the average PFGS, 〈γ〉(A), the photon multiplicity distribution P(Nγ), etc.
Speciﬁc measurements of prompt ﬁssion neutron and γ correlations are strongly encouraged, such as energy-
angle as well as γ data as a function of the neutron multiplicity. These data would put stringent constraints on the
initial conﬁgurations of the ﬁssion fragments near the scission point. Also, realistic models of the de-excitation of
primary ﬁssion fragments, constrained by accurate experimental data, can become a powerful tool for a large suite of
applications, e.g., simulations of detector response functions, non-proliferation, signatures of special nuclear material,
etc. We plan to investigate such possibilities in the near future.
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Fig. 3. Sensitivity of the predicted (a) ν(A) and (b) PFGS on the choice of the RT model parameter, in the case of 252Cf (sf).
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energy cut, and should be done carefully before comparing with experimental data.
Acknowledgements
We would like to thank the conference organizers for their invitation and for a very enjoyable and fruitful workshop.
References
Becker, B., Talou, P., Kawano, T., Danon, Y., and Stetcu, I., Phys. Rev. C87, 014617 (2013).
Blanchet, D., in Proc. of M&C 2005 International Topical Meeting on Mathematics and Computation, Supercomputing, Reactor Physics and
Nuclear and Biological Applications, Sep. 1215, 2005, Palais Des Papes, Avignon, France.
Capote-Noy, R. et al., INDC(NDS)-0571 (2010).
Billnert, R., Hambsch, F.-J., Oberstedt, A. and Oberstedt, S., Phys. Rev. C 87, 024601 (2013).
Chyzh, A., Wu, C.Y., Kwan, E., Henderson, R.A., Gostic, J.M., Bredeweg, T.A., Haight, R.C., Hayes-Sterbenz, A.C., Jandel, M., O’Donnell, J.M.,
and Ullmann, J.L., Phys. Rev. C 85, 021601 (2012).
Hambsch, F.-J., and Oberstedt, S., Nucl. Phys. A617, 347 (1997).
Kawano, T., Talou, P., Chadwick, M.B., and Watanabe, T., J. Nucl. Sci. Tech. 47, No.5, 462 (2010).
Oberstedt, A., Belgya, T., Billnert, R., Borcea, R., Brys´, T., Geerts, W., Go¨o¨k, A., Hambsch, F.-J., Kis, Z., Martinez, T., Oberstedt, S., Szentmiklosi,
L., Taka`cs, K., and Vidali, M., Phys. Rev. C 87, 051602(R) (2013).
Randrup, J. and Mo¨ller, P., Phys. Rev. Lett. 106, 132503 (2011).
Romano, C., Danon, Y., Block, R., Thompson, J., Blain, E., and Bond, E., Phys. Rev. C 81, 014607 (2010).
Talou, P., Becker, B., Kawano, T., Chadwick, M.B., and Danon, Y., Phys. Rev. C 83, 064612 (2011).
Tovesson, F., Arnold, C.W., Bredeweg, T., Jandel, M., Laptev, A.B., Meierbachtol, K., Sierk, A., White, M., Proc. of the Fifth International
Conference on ICFN5, Sanibel Island, Florida, USA, 4-10 Nov. 2012, p. 361, World Scientiﬁc, Eds. J.H.Hamilton and A.V.Ramayya (2013).
Ullmann, J.L., Bond, E.M., Bredeweg, T.A., Couture, A., Haight, R.C., Jandel, M., Kawano, T., Lee, H.Y., ODonnell, J.M., Hayes, A.C., Stetcu, I.,
Taddeucci, T.N., Talou, P., Vieira, D.J., Wilhelmy, J.B., Becker, J.A., Chyzh, A., Gostic, J., Henderson, R., Kwan, E., and Wu, C.Y., Phys. Rev.
C 87, 044607 (2013).
Wahl, A.C., Atomic Data and Nuclear Data Tables 39, 1-156 (1988).
Younes, W., Gogny, D., and Schunck, N., Proc. of the Fifth International Conference on ICFN5, Sanibel Island, Florida, USA, 4-10 Nov. 2012, p.
605, World Scientiﬁc, Eds. J.H.Hamilton and A.V.Ramayya (2013).
